Background and Purpose-Evidence supports a substantial genetic contribution to the risk of intracranial aneurysm (IA).
S
tudies have consistently demonstrated a genetic component to the risk for subarachnoid hemorrhage (SAH) and intracranial aneurysm (IA). For example, 9% to 14% of patients with SAH attributable to aneurysms have a family history of SAH in a first degree relative as compared to 3% to 6% of age matched controls (odds ratios ranging from 1.8 to 4.2). [1] [2] [3] [4] Bromberg et al reported the relative risk for SAH in first degree relatives of an SAH to be as high as 6.6 (95% CI 2.0 to 21). 5 Studies have also shown that first degree relatives of an SAH or IA patient are at increased risk for an unruptured IA. It is estimated that 1% of the general population harbors an unruptured intracranial aneurysm. 6 Ronkainen et al performed magnetic resonance angiography (MRA) in 438 apparently unaffected individuals from multiplex IA families and identified 38 (8.7%) subjects with an unsuspected IA, which was subsequently confirmed by digital subtraction intraarterial angiography. 7 Brown and Soldevilla found 6 of 63 (9.5%) apparently unaffected individuals with a first degree relative with an IA had an IA documented by MRA and cerebral angiography. 8 Nakagawa et al found 34 of 244 (13.9%) apparently unaffected first or second degree relatives of an SAH patient had an unruptured IA identified by MRA or CT angiography. 9 Different approaches have been used to identify the genetic factors increasing the risk for IA. A number of candidate genes potentially contributing to the risk for IA have been examined. However, these studies have not yielded consistent replicated evidence of association to any particular gene. Family based linkage analysis has also been performed. Some studies have focused on a single large family with evidence of a Mendelian form of disease, 10 -13 whereas several others have ascertained large numbers of smaller families with typically only 2 affected genotyped persons per family. 14 -17 Whereas linkage to multiple regions of the genome has been reported, evidence to several chromosomes, 1p36, 5q31, 7q11, 14q22, 17cen, 19q13 and Xp22, has been found in more than one study.
Environmental factors are critical in the formation and rupture of IAs and must be considered in the search for relevant genes. The incidence of SAH increases moderately with advancing age, and women have a higher age-adjusted risk of SAH as compared to men. 18 Cigarette smoking has consistently been identified as the most important modifiable risk factor for SAH 1 with an odds ratio of 3.1. 1, 19 In population-based and cohort studies, 70% to 75% of persons with SAH have a prior history of smoking and 50% to 60% are present smokers. 1 Hypertension is the next most important risk factor for SAH, 1, 19 with an odds ratio of 2.6. Hypertension accounts for an estimated 20% of all cases of SAH secondary to IA. 1 African-Americans have twice the age-and gender-adjusted risk of SAH compared to whites. 1 The known excess hypertension and higher smoking rates among young and middle-aged African-Americans as compared to whites is a possible explanation for this difference, but this hypothesis has yet to be proven.
In this study, we have ascertained and genotyped the largest sample of multiplex IA families identified through an international consortium. This is the first IA study to perform a whole genome SNP linkage study which allowed for a more complete assessment of the evidence for linkage throughout the genome. We also examined the evidence for geneϫsmoking interaction.
Materials and Methods

Subjects
Details of the Familial Intracranial Aneurysm (FIA) study have been outlined elsewhere. 20 In brief, subjects were recruited through 26 clinical centers with extensive experience in the clinical management and imaging of IAs. These centers included 41 recruitment sites and were located throughout North America, New Zealand, and Australia. The FIA study was approved by the Institutional Review Boards/Ethics Committees at all clinical and analytic centers and recruitment sites.
Probands were identified by the recruitment sites and screened to determine whether they met study eligibility. Eligible families for this study included those with 1 of the following: (1) at least 2 living affected siblings; (2) at least 2 affected siblings, one of whom is living and the other whose genotype could be reconstructed through the collection of closely related, living family members (ie, spouse and children); (3) 3 or more affected family members (eg, cousin, uncle, aunt), 2 of whom are alive and have living connecting relatives; and (4) 3 or more affected family members, with 1 living affected and at least 1 other affected relative whose genotype could be reconstructed through the collection of closely related, living family members.
Exclusion criteria included: (1) a fusiform-shaped unruptured IA of a major intracranial trunk artery; (2) an IA which is part of an arteriovenous malformation; (3) a family history of polycystic kidney disease, Ehlers Danlos Syndrome, Marfan Syndrome, fibromuscular dysplasia, or Moya-moya disease; or (4) failure to obtain informed consent from the patient or family members.
Questionnaire data regarding demographics, environmental risk factors, and family history of IA were obtained from persons with an IA and their unaffected family members. Blood was obtained for the isolation of DNA as well as the establishment of an immortalized cell line. DNA and cryopreserved lymphocytes were stored at the NINDS Repository (http://ccr.coriell.org/ninds/). The first degree relatives of affected family members who met study criteria for a higher risk of IA were offered a free study MRA. Higher risk was defined as: (1) 30 years of age or older and (2) either had a 10 pack year history of present or former smoking; or had an average blood pressure reading of Ն140 mm Hg systolic or Ն90 mm Hg diastolic.
All medical records and the phone screen of the proband and family members with a reported history of IA, SAH, or intracerebral hemorrhage (ICH) were examined by a Verification Committee. Two neurologists on the Verification Committee independently reviewed the subject's records and decided whether the subject meets all the inclusion and exclusion criteria. In cases of disagreement, a third neurologist was used to resolve the case diagnosis. Each potential affected family member was ranked as definite, probable, possible, or not a case (Table 1) .
Genotyping
The FIA Study applied for and was granted access to the genotyping facility available at the Center for Inherited Disease Research (CIDR) operated by National Human Genome Research Institute (NHGRI) CIDR performed genotyping using the 6K Illumina array (http://www.illumina.com/pages.IM?IDϭ162), which includes 5953 markers. Genotyping was performed on 1404 individuals in 223 families. A total of 8 935 185 genotypes were generated. The error rate, based on paired genotypes from 63 duplicate samples, was 0.003%. The percentage genotypic data missing was 0.25%.
Before initiating any genetic analyses, extensive quality control assessment was performed. First, the family structure was verified with the genotypes returned from CIDR using the program RELPAIR. 21 Pedigrees were altered as necessary. The most common pedigree structure alterations included removal of 1 member of a pair of monozygotic twins (nϭ8), altering full siblings to half Not a case There is no supporting information for a possible IA.
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siblings (nϭ29), removing individuals who were unrelated to the rest of the family (nϭ7), and removal of families who were no longer informative for linkage because of the loss of key individuals or change in disease status attributable to the final phenotypic verification (nϭ8 families). Once the family structures were appropriately altered, the remaining marker data were reviewed. All markers with fewer than 90% of the individuals genotyped were removed (nϭ28). All individuals with fewer than 90% of the markers genotyped were also removed from further analyses (nϭ1). Markers that violated Hardy Weinberg equilibrium at PϽ0.001 (nϭ4) or with very low informativeness (minor allele frequency Ͻ0.05; nϭ62) were removed from further analysis. Mendelian errors in each family were reviewed and genotypes were removed as needed to eliminate inconsistencies. Final genotypic quality control focused on removing any remaining genotypes that were likely to be erroneous as determined by evidence of recombination with adjacent markers. 22 A total of 7488 genotypes were removed in this final step.
Statistical Analysis
It has been shown that including markers in high linkage disequilibrium (LD) can inflate the evidence of linkage. 23 Several approaches were evaluated to reduce the influence of LD in the linkage analyses. Initially, we used the approach implemented in the program, Merlin, 22 to designate clusters of markers and correct for LD in the linkage analysis. Unfortunately, given the complexity of the pedigrees and the relatively large LD clusters that were present, many families exceeded computational limits and could not be included in the analysis. With the loss of many of the largest families in the study, the resulting power was unacceptable. Therefore, we instead computed pairwise LD (using both DЈ and r 2 statistics) and in all cases where DЈ exceeded 0.70, we retained the SNP with the highest minor allele frequency (ie, the most informative marker). Analyses were also performed to assess the effect of employing r 2 as the measure of LD. In this instance, a threshold of r 2 Ͼ0.40 was used to identify SNPs with high LD. Results were similar using both thresholds. Final SNP selection was based on results from the DЈ statistic.
The final sample available and informative for linkage analyses consisted of 192 families with 1155 genotyped individuals. A total of 5075 markers with 5 857 825 genotypes were included in the final genome screen. Two models of disease were used. The first and narrower disease definition classified as affected only those individuals who met the definite criteria ( Table 1) . The second and broader disease definition classified as affected those individuals who met criteria for either definite or probable IA ( Table 1 ). The primary analytic approach used multipoint, model independent methods. The multipoint approach reduces the influence of single SNPs and instead focuses on the evidence of linkage obtained from multiple markers. This approach also maximizes the information content at any point across the genome, because each individual SNP has less power to detect linkage than a single microsatellite marker.
We subsequently performed analyses using only those families classified as Caucasian (nϭ153 of the 170 narrow disease definition families; nϭ172 of the 192 broad disease definition families). Allele frequency estimates are necessary for linkage analysis to estimate marker allele sharing identical by descent; however, if there are ethnic/racial differences in allele frequencies, this may result in spurious results or limited power to detect linkage in an ethnically or racially heterogeneous sample. Each chromosomal region was reviewed to determine whether the evidence of linkage was strengthened or weakened based on the inclusion of only Caucasian families. For each linkage region, the family-specific evidence for linkage was also computed.
The risk of IA is substantially modulated by several well known environmental risk factors. In this study, data were collected for 2 well known risk factors, smoking and hypertension. Smoking is a greater risk factor for IA and was also collected as a quantitative trait, making it a more informative phenotype than risk of hypertension, which was collected as a dichotomous trait. Therefore, to maximize the power to detect geneϫenvironment effects and limit the extent of testing, only smoking was evaluated for its effect as an environmental covariate and testing was limited to those regions of the genome that had provided possible evidence of linkage.
Ordered subset analysis (OSA) 24, 25 was used to test for geneϫenvironment interactions. A quantitative measure of cumulative smoking (pack-years) before the diagnosis of an aneurysm was computed for each affected individual in the genotyped families. Then, the average number of pack-years for each family was calculated using only the affected individuals. This calculation was performed separately for each of the 2 disease model definitions (narrow and broad). Then, families were ranked in ascending order based on the average pack-years for the family.
Multipoint model-independent linkage analysis was then performed for the subset of families in the first rank (ie, lowest average pack years) using the computer program Genehunter, 25, 26 and these linkage results were stored. The families in the next rank were then added to the first-rank families, and linkage analysis was performed again on this expanded set of families. This process was repeated until all families had been added to the analysis, at which point the "ordered subset" of families with the maximum LOD score (and the corresponding chromosomal position) were identified. The process was then repeated after ranking the families in the opposite (descending) order based on their average pack-years. Statistical significance of any observed increase in the maximum LOD score was determined using permutation methods by randomly ranking families. In the permutation procedure, the pack-years covariate values were randomly assigned to the families without replacement. The linkage analysis of ordered subsets was performed on this replicate as for the observed data, and the maximum LOD score on the chromosome was stored. 10 000 replicates were permuted in this fashion, and a probability value for significance of the OSA result (LOD score as a function of smoking) was calculated by determining the proportion of these replicates that met or exceeded the observed OSA LOD score.
Results
The total sample included 192 multiplex IA families (Table  2 ). In the narrower disease definition, which only included as affected those individuals meeting criteria for definite IA, the analytic sample included 170 families with 412 affected individuals. A total of 983 individuals were genotyped in these families. Under the broader disease definition, which included as affected those individuals meeting criteria for Figure. The evidence of linkage using the narrower disease model, which included fewer families and a smaller number of affected individuals, was modest. LOD scores above 1.5 were observed on chromosomes 7 and 8. Analyses using the broader disease model detected evidence of possible linkage with a LOD score of 1.5 or greater to chromosomes 4 (156 cM), 7 (183 cM), 8 (70 cM), and 12 (102 cM). In each region, the most strongly linked families were primarily Caucasian, and the evidence of linkage was provided by multiple families.
Because unique loci may be segregating in families of differing racial origin, analyses were performed limiting the sample to only the Caucasian families. As would be expected when performing the analysis using 90% of the original sample, the linkage results were quite similar, but each of the regions identified in the initial screen had slightly lower maximal LOD scores. Considering the data across the entire genome for the narrower disease model, only a region on chromosome 8 (LODϭ1.6 at 68 cM) and a region on the X chromosome (LODϭ1.6 at 4 cM) produced maximal LOD scores above 1.5. For the broader disease model, LOD scores of 1.5 or greater were observed for chromosomes 4 (LODϭ1.9 at 158 cM), 7 (LODϭ1.5 at 182 cM), 8 (LODϭ1.9 at 72 cM) and 9 (LODϭ1.6 at 4 cM).
Additional analyses were then performed to determine whether any of the 4 chromosomal regions identified in the full sample (chromosomes 4, 7, 8, and 12) provide evidence for a gene x environment interaction. Analyses were performed using smoking as a covariate (Table 3) . On chromosome 4, using the 67 families with the highest rate of smoking (meanϭ44.6 pack-years) yielded a LOD score of 3.5 (Pϭ0.03). On chromosome 7, the 64 families with the highest smoking (meanϭ45.3 pack-years) produced a LOD score of 4.1 (Pϭ0.01). On chromosome 12, the top 134 smoking families (meanϭ32.7 packyears) resulted in a LOD score of 3.2 (Pϭ0.02). On chromosome 8, inclusion of smoking as a covariate did not significantly strengthen the linkage evidence. These results would suggest that there is an interaction between the genetic locus at chromosomes 4, 7, and 12 and smoking, but no such evidence of interaction at chromosome 8.
Discussion
We have performed the largest linkage study completed to date in a sample of 192 multiplex families whose clinical data were reviewed and classified using strict diagnostic criteria for IA. There are several strengths of this study. First, we have used SNPs rather than microsatellite markers to improve our ability to detect linkage. Second, a unique approach of this study was the extensive use of reconstruction of the likely genotypes of deceased affected individuals. By collecting the offspring of deceased affected individuals, we increased the power of this study to detect linkage. Third, we have included an important environmental effect, cigarette smoking, in our linkage analysis, which allowed us to postulate that 3 of our linkages have identified susceptibility loci which are modulated by heavy smoking. This latter finding emphasizes the importance of smoking cessation among all family members of persons with a known IA, even though the specific genes related to IA have yet to be identified.
Similar to other studies of IA as well as studies of other stroke subtypes, we did not detect strong linkage to any particular chromosomal region. Given the size of our sample, this would suggest that there is not a single common gene of large effect that has a major influence on the risk of IA. Rather, similar to the results of other studies, we have detected linkage to several different chromosomal regions, each of which appears to exert a more modest effect. Interestingly, 3 of the 4 loci we detected all appear to have greater effect in that subset of multiplex IA families with the highest exposure to smoking, as calculated by pack-years. These data suggest that the risk of IA is mediated through the action of multiple loci of small to moderate effect and these loci likely exert their effect in concert with environmental factors such as smoking.
Unlike several other studies, MRA screening was only offered to a subset of the at-risk members of the multiplex IA families. Criteria for MRA were designed to maximize the likelihood that an IA would be identified by screening those individuals with relevant environmental risk factors (age, hypertension or smoking) which would make it more likely that an unruptured IA might be detected. As a result of this strategy, we may have augmented the likelihood that we would identify genetic loci that had an interaction with smoking.
Previous genome-wide studies using microsatellite markers in multiplex IA families have detected significant or suggestive evidence of linkage to many different chromosomal regions. A sample of 104 Japanese IA sibling pairs detected linkage to chromosomes 7q11 (LODϭ3.2), near the elastin gene, 14q22 (LODϭ2.3) and 5q22-31 (LODϭ2.2). 16 Another Japanese sample of 29 multiplex IA families detected linkage to chromosome 17cen (LODϭ3.0), 19q13 (LODϭ2.1), and Xp22 (LODϭ2.2). 17 13 ), and 14q23-31 (LODϭ3.0 under a dominant model 13 ). Recently, a subset of 9 of the 29 Japanese multiplex IA families who were consistent with autosomal dominant inheritance were reanalyzed using an autosomal dominant, affecteds only analysis. 14 Evidence of linkage was found to chromosome 19q13 (LODϭ4.1). A large consanguineous Dutch family was previously linked to chromosome 2p13 11 ; however, 2 members of the family have now been found to have aneurysms. In addition, 1 member of the family previously designated as affected because of the presence of an unruptured IA identified on MRA has now been found at follow-up MRA not to have a visible unruptured IA and is now not classified as affected. As a result of the changes in phenotypic classification, the linkage to chromosome 2 is no longer significant. Rather, a new genome screen that includes these phenotypic changes has detected linkage to chromosomes 1p36.11-p36.13 with an NPL of 3.2 and the Xp22.2-p22.32 region with an NPL of 4.5. 28 Interestingly, in reviewing these analyses, evidence to chromosomes 1p36, 5q31, 7q11, 14q22, 17cen, 19q13, and Xp22 has been found in more than 1 study.
Several studies have detected evidence of linkage to chromosome 7. Analyses in a sample of 13 extended Mormon pedigrees detected some evidence of linkage to chromosome 7q11 (LODϭ2.3). 29 The linkage in our sample was at 7q36.3. This is more than 100 cM from the region linked in the Mormon sample and the Japanese sample of Onda et al (7q11) and is also 100 cM from the elastin (ELN) gene. ELN has been examined by many studies for its potential linkage or association with IA. Despite the strong evidence of ELN as a positional candidate gene, most studies have not detected association or linkage to this gene 30 -34 although some positive associations have been reported. 16, 35, 36 Interestingly, linkage to a broad region on chromosome 4q31 (peak at 140 cM) was reported in a sample of 119 families with at least 2 members with abdominal aortic aneurysm. 37 The maximum LOD score reported in the FIA study sample reported here is at 156 cM with a 1-LOD support interval from 152 to 162 cM. There are several potential explanations for the lack of replication across the linkage studies. First, the size of the samples used in the linkage analyses has varied widely. Some studies have used only a single large family whereas others have used a modest number of multiplex families consisting primarily of affected sibling pairs. In this study, we have analyzed the largest number of multiplex families, 192, which included a very large number of both genotyped and reconstructed affected individuals. Second, there has been variability in the phenotypic definitions across studies. We have used both a narrow and broad disease definition using a very well defined process for phenotyping by multiple vascular neurologists and neuroradiologists. Using this strategy, we found the greatest evidence of linkage using the broader disease model. These data are consistent with the observation that subjects classified as probable cases are highly likely to have an IA. In addition, the use of probable as well as definite phenotypes increased the power to detect loci through the use of larger, more informative families in the linkage analysis.
Similar to most linkage studies, we have identified linkage regions which include hundreds of potential candidate genes. We are currently collecting an independent sample of multiplex IA families in which we intend to replicate our present linkage findings. Based on the results in this replication sample, we will then proceed to prioritize the linkage regions and perform more detailed linkage and association analyses to narrow the critical interval in which an IA susceptibility locus is likely to lie.
Summary
We have performed a whole genome linkage study using more than 5000 SNPs in a sample of 192 informative multiplex IA pedigrees. We detected evidence of possible linkage to chromosomes 4, 7, 8, and 12. Potential evidence of a gene-smoking interaction was found for chromosomes 4, 7, and 12.
